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Abstract 
This work reports on the design and modeling of a new flexible contact-mode 1-DOF piezoresistive contact-force and impact-
time detector used for acceleration sensing in the time domain. The key advantages of the contact-mode detection mechanism are 
the use of simple readout circuitry, compactness, good linearity, scalability, and the potential to realize a higher precision 
accelerometer due to time-based measurement. Several detector designs are considered and based on their performance an         
I-shaped beam detector is chosen that meets the design criteria. The estimated mechanical and electrical parameters of I-shaped
beam detector are presented. 
© 2010 Published by Elsevier Ltd. 
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1. Introduction 
Micromachined accelerometers have been successfully commercialized in different application areas and 
implemented using a variety of sensing mechanisms such as capacitive, piezoresistive, resonant, optical, etc., each 
with their own benefits and limitations. In addition, pull-in voltage and pull-in time have been reported as alternative 
mechanisms for acceleration sensing [1, 2]. A time-of-flight pull-in time-based accelerometer uses the variations in 
the differential pull-in transition time of a driven proof-mass (¨t=t1-t2) to measure the acceleration. The generic 
advantages of this method are digital output and less complex readout circuitry. However, the choices of sensing 
mechanism and technology have been key factors hindering the realization of functional prototypes of time-based 
high sensitivity micro-accelerometers. Among the reported pull-in time detection methods, one method relied on 
hard-electrical-contact occurring between a proof-mass and a rigid stopper [1,3], while another attempted to use 
FET-based contactless capacitive detection [4]. However, these techniques were prone to one or more of the 
following reliability issues such as poor contact, poor sensitivity, microwelding, mechanical wear and shock. A 
more recent approach was based on contactless capacitive sensing, that aimed at improving the device sensitivity, 
resolution and reliability using a large set of sense electrodes that additionally serve as dampers [5]. But this 
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approach required a large electrode area and presented a higher system complexity. To overcome some of the 
limitations mentioned above, this work proposes a new pull-in time-based accelerometer utilizing a flexible contact-
mode 1-DOF piezoresistive contact-force and impact-time (event) detector.  
2. Device Design 
2.1. Pull-in Time-Based Accelerometer 
The mechanical structure of the accelerometer, illustrated in Fig. 1a, consists of a movable proof-mass with two sets 
of symmetrically located drive electrodes along with a pair of flexible contact-mode piezoresistive detectors, placed 
opposite to each other along the sensitive axis. This active device works by driving the proof-mass to pull-in 
position on either side and then measuring the pull-in time corresponding to the proof-mass deflection (as a function 
of external acceleration) using the contact-mode detectors located at positions A and B. Assuming that the transition 
times between A-B is t1 and B-A is t2, their difference (¨t=t1-t2) corresponds to the applied acceleration.  As soon as 
the proof-mass comes into contact with the flexible integrated detector, acceleration could be determined using a 
resistive half-bridge and an event detection circuitry. Assuming over damped condition, the pull-in behaviour is 
characterized by a meta-stable region with a flat response (Fig. 1b), which varies as a function of the applied 
acceleration [2,5]. For a travel gap of 2 μm/side for the proof-mass transit, a nominal pull-in time of 17.79 ms for 
half-way transit from rest state to position B was estimated using SIMULINK modeling tool [6], shown in Fig. 1b.
                 
Fig. 1. (a) – Schematic of a pull-in time-based micro-G accelerometer with integrated piezoresistive contact-mode detectors, placed on either 
side; (b) – Simulated pull-in time for the accelerometer proof-mass to travel from rest state to position B (or vice versa) is about 17.79 ms, 
assuming a travel gap of 2 μm/side. 
2.2. Flexible Contact-Mode Piezoresistive Detector 
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Fig. 2. (a) – Considered piezoresistive detector designs; (b) – Design of I-shaped piezoresistive contact-force and impact-time (event) detector. 
Based on the design criteria, several possible detector designs were considered and compared, refer Fig. 2a. The 
simulated dependencies, obtained using COMSOL FEA [7], between the applied pull-in force and the deflection and 
thereby induced stress responses for all detector designs exhibited good linearity, see Fig. 3. The stress/deflection 
performance ratios were computed from the above graphs. Analyses indicates the I-shaped beam design, shown in 
Fig. 2b, to be the best design choice due to a maximum stress/deflection ratio of 1.17x1013 Pa/m and yet a smaller 
a) b) 
a) b) 
1064 V. Rajaraman et al. / Procedia Engineering 5 (2010) 1063–1066
 V. Rajaraman et al. / Procedia Engineering 00 (2010) 000–000 3
deflection than the other designs considered. Under nominal pull-in condition, a threshold resistance value can be 
readout using a resistive half-bridge when the proof-mass impinges onto the flexible I-shaped beam detector. Thus, 
acceleration could be determined with an event detection circuitry that computes the difference in the pull-in 
transition time (¨t=t1-t2) based on impact events in comparison with the nominal value, used as a threshold. 
          
Fig. 3. (a) – Pull-in force vs. stress curves of various detector designs; (b) – Pull-in force vs. deflection curves of various detector designs. 
2.3. Technological Implementation 
The above design is currently being implemented using a custom developed high aspect ratio SOI-MEMS 
technology [8]. A cross-section through a typical structure and the SEM image of a fabricated test structure are 
presented in Fig. 4. A large structural thickness of 25μm leads to higher values of the inertial proof mass and hence 
the possibility to realize high performance accelerometers. Besides, springs are compliant in-plane and are stiff out-
of-plane, resulting in reduced cross-axis sensitivity and device sagging. This CMOS-compatible technology enables 
the fabrication of the microstructures through MEMS post-processing. 
          
Fig. 4. (a) – Thick SOI-MEMS technology; (b) – SEM image showing a high aspect ratio SOI-MEMS folded-beam detector structure. 
3. Results and Discussions 
For the I-shaped detector, FEA simulation done with COMSOL [7] shown in Fig. 5a reveals a resultant 
displacement of 43 nm and a corresponding stress of 5 MPa when a nominal pull-in force of 85 μN is applied, which 
is experienced during normal device operation in the absence of any external acceleration. A bridge output of      
1.47 mV would result in this case. Using a 1.275 k sense resistor yields – a total equivalent noise (thermal noise + 
1/f noise) of 49.03 μV, a minimum detectable force (MDF) of 2.56 μN, a minimum detectable displacement (MDD) 
of 4.34 nm and an overall detector sensitivity of 39.8 μV/μN, respectively. Using SIMULINK modeling tool [6], it 
was found that the detector returns to its original state, after experiencing an impact with the proof-mass, in about 
1ms. The overall pull-in transition time of the accelerometer with integrated detectors placed on either side, based 
on the proof-mass travel from A-B or vice versa, was found to be about 45 ms as shown in Fig. 5b. The detector is 
currently being implemented into a μG-resolution pull-in time-based accelerometer that is under concurrent 
development [9]. The considered accelerometer design has an electrode travel gap of 2 μm corresponding to a full 
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scale acceleration range of 2G. At this range, the I-shaped beam detector experiences a maximum stress of 91 MPa 
due to an impact with the proof-mass, determined by FEA.  
          
Fig. 5. (a) – FEM simulation of the I-beam detector indicating a displacement of 43 nm and a stress of 5 MPa for a nominal pull-in force of 
85μN. The stress concentrated regions are indicated in red; (b) – Simulated pull-in time for the pull-in time-based accelerometer proof-mass to 
travel from A-B or vice versa, with the integrated piezoresistive detectors placed on either side. 
4. Conclusions 
A pull-in time-mode accelerometer based on a flexible contact-mode 1-DOF piezoresistive detector was presented. 
An optimized I-shaped detector design was chosen that fulfils the design criteria offering a maximum            
stress/deflection ratio of 1.17x1013 Pa/m and yet a smaller deflection. Analyses indicate a detector displacement of 
43 nm during regular device operation, a settling time of about 1 ms and total pull-in transition time of 45 ms. The 
detector is able to sense a minimum force (MDF) of 2.56 μN and a minimum displacement (MDD) of 4.34 nm, and 
the overall detector sensitivity is about 39.8 μV/μN. The key advantages of the presented contact-mode detection 
mechanism are the use of simple readout circuitry, compactness, good linearity, scalability, and the potential to 
realize a higher precision accelerometer due to time-based measurement. The presented sensing method could be 
leveraged to realize low-cost high resolution accelerometer for application in tilt control, platform stabilization, 
space applications, structural monitoring, etc. 
Acknowledgements 
The author wishes to thank NXP Semiconductors, Nijmegen, The Netherlands, for their support in this work under 
the framework of the project #NL614500184543. Thanks are due to Dr. Henk Boezen (NXP, NL) and Dr. Jan-Jaap 
Koning (TU Eindhoven, NL) for their kind support in this work, and to Ms. Rosana A. Dias (Univ. of Minho, PT),               
Prof. Dr. Heng Yang (SIMIT, P.R. China) and Dr. Reinoud F. Wolffenbuttel (TU Delft, NL) for the helpful 
discussions. 
References 
[1] H. Yang et al., A Novel Operation Mode for Accelerometers, Proc. Pacific Rim Workshop on Transducers and Micro/Nano Technologies,
Xiamen, China, 2002. 
[2] L.A. Rocha, Dynamics and Nonlinearities of the Electro-mechanical Coupling in Inertial MEMS, PhD Dissertation, Delft University of 
Technology (TU Delft), Delft, The Netherlands, 2005. 
[3] V. Rajaraman et al., A Thin-SOI Micromachined Quasi-Digital Accelerometer, Proc. Eurosensors XXII Conf., Dresden, Germany, 2008. 
[4] H. Yang et al., Design of a Vertical Surrounding Gate JFET for Capacitive Sensing Based on SOI-MEMS Technology, Report, State Key 
Laboratory of Transducer Technology, SIMIT, Shanghai, P.R. China (unpublished). 
[5] L.A. Rocha et al., A Time Based micro-G Accelerometer, Proc. Eurosensors XXII Conf., Dresden, Germany, 2008. 
[6] SIMULINK - Simulation and Model-Based Design Software (Internet: www.mathworks.com) 
[7] COMSOL Multiphysics FEA Software (Internet: www.comsol.com) 
[8] V. Rajaraman et al., DRIE Assisted HAR MEMS Processing of Inertial Sensors and Actuators, Proc. The 18th Micromechanics and 
Microsystems Europe Workshop (MME 2007), Guimarães, Portugal, 2007.
[9] R.A. Dias et al., Characterization of a Pull-in Based μG Accelerometer, Proc. Eurosensors XXIV Conf., Linz, Austria, 2010. 
a) b) 
1066 V. Rajaraman et al. / Procedia Engineering 5 (2010) 1063–1066
